I N T RO D U C T I O N
The subduction of the Nazca plate beneath the South American continental crust gives birth to the Andean mountain belt that includes some of the highest volcanoes on earth and the second highest plateau in the world with an average altitude of ∼4 km. The Andes present along-strike variations in subduction geometry, arc volcanism and orogenic shortening (e.g. Cahill & Isacks 1992 ). According to their tectonic differences, the Andes can be divided in three segments: northern (from 10
• N to 4 • S); central (4 • S-46
• S) and southern Andes (south of 46
• S). Our study area is located in the central Andes between 30
• S and 36
• S (Fig. 1) , where it is possible to observe the dip variations of the subducted plate and recognize the presence of major accreted terranes that might have influenced the distribution of deformation at different levels in the continental crust (e.g. Zapata 1998; Ramos 1999; Ramos et al. 2000) . Along the 30
• S profile, where flat or subhorizontal subduction takes place, the actual geological provinces correlate well with the limits of the pre-Andean terranes, implying that these boundaries have played an active role during the Andean deformation (e.g. Ramos et al. 1996 Ramos et al. , 2000 Zapata 1998) . From west to east, where the seismic profile is ∼700 km long, the geological provinces are the Coastal Cordillera, the Principal Cordillera, the Frontal Cordillera, the Pre-Cordillera and the Sierras Pampeanas. At this latitude, a suggested average crustal shortening of ∼160 km (e.g. Allmendinger et al. 1990; Vietor & Echtler 2006) could be responsible for a thickened crust with a thickness of ∼65 km (e.g. Fromm et al. 2004; Gilbert et al. 2006) beneath the Frontal and Pre-Cordillera. The southern central Andes are characterized by a transition between the subhorizontal subduction of the Pampean flat-slab and the normal subduction zone towards the south at 36
• S. Along 36 • S where the profile of stations is ∼500 km long the geological provinces from west to east are the Coastal Cordillera, the Central Depression, the Principal Cordillera and the Neogene Basins in Argentina (Fig. 1) .
A seismic experiment named CHARGE has been conducted, shedding light on the lithospheric structure in this area (Fromm et al. 2004; Alvarado et al. 2005; Wagner et al. 2005; Gilbert et al. 2006) . Gilbert et al. (2006) have observed the Moho interface beneath much of the profiles by the P wave receiver function (PRF) method. However, they also reported a lack of strong Moho signal in the receiver functions in the western part of the profiles, where a thickened crust is expected. The observation was explained by a reduction of the impedance contrast at the Moho, caused by the eclogitization of a thickened lower crust.
Although the PRF method is routinely used to study the crust and mantle lithosphere, it is sometimes obscured by the interference of the multiple reverberated phases. S wave receiver functions (SRF) are relatively independent of the multiples and are better suited to detect the primary converted waves for regions where the crustal structure is complicated (e.g. Kumar et al. 2007 ). Here we show the Figure 1 . Distribution of the CHARGE temporary stations (triangles) with abbreviated names (e.g. Wagner et al. 2005; Gilbert et al. 2006) . The inset shows the study area (square) and the 23 teleseismic events (red stars) used in this study. Green dashed lines are the limits of the different terranes and highlighted in bold are the names of the geological provinces.
results of SRF calculated from the teleseismic data collected by the CHARGE experiment. We have detected the S to P converted phases from the Moho, as well as signals from the oceanic and continental lithosphere.
D ATA A N D M E T H O D O L O G Y
The SRF method has been previously used for mapping the Moho and other upper-mantle discontinuities such as the lithosphereasthenosphere boundary (LAB), the 410 km and 660 km discontinuities (e.g. Farra & Vinnik 2000; Li et al. 2004; Vinnik et al. 2004 Vinnik et al. , 2005 Kumar et al. 2005a, b; Sodoudi et al. 2006a, b; Heit et al. 2007; Landes et al. 2007) . The SRF has the advantage over the PRF of being free from crustal multiples that interfere with signals from the different interfaces, making its use very well suited to study areas where this situation is observed.
There are a number of technical challenges specific to S to P conversions compared to P to S conversions . S waves are generally characterized by lower frequencies than P waves, resulting in a lower spatial resolution. To avoid post-critical incidence, S to P converted waves can only be observed over a limited teleseismic distance range . Since S waves are not first arrivals within this distance range, they typically arrive within the P wave coda and interfere with other phases. Farra and Vinnik (2000) were the first to propose the application of receiver-function analysis as a way to isolate S to P converted phases from the incident S waves. The method has since been improved by introducing stacks of individual SRFs according to the geographic locations of piercing points and used to map the LAB in various tectonic settings (e.g. Li et al. 2004; Kumar et al. 2005a Kumar et al. ,b, 2006 . Like conventional receiver functions, SRF uses a deconvolution process to remove source and path effects to isolate receiver-side Earth response, based on seismic mode conversions. Whereas conventional receiver functions use the teleseismic P wave to extract P to S converted phases, SRF uses the teleseismic S wave to extract S to P converted phases. An important practical difference is that P to S phases arrive after the P wave in the case of conventional receiver functions, whereas S to P phases are precursors to S. As a result, SRFs are less affected by crustal reverberations that tend to obscure the lithospheric converted phases on conventional receiver functions.
The data from temporary stations used in this study were collected by the CHARGE experiment (Fromm et al. 2004; Alvarado et al. 2005; Wagner et al. 2005; Gilbert et al. 2006) . The methodology used in this paper is the same as described by Kumar et al. (2005a Kumar et al. ( , b, 2006 . In this study, we analysed S and SKS phases that illuminate discontinuities at depth such as the Moho and the LAB. We used 23 earthquakes with magnitudes greater than 5.8 (M b ) at epicentral distances between 60
• -85
• for S and 85
• -115
• for SKS, respectively ( Fig. 1) .
We visually inspect S-wave data and select records with clear S or SKS phases. Weak S or SKS phases may be caused by unfavourable earthquake source mechanism or strong interfering phases. Data with strong interference of S and SKS are excluded to avoid contamination of converted phases from different reference phases. The ZNE-component seismograms of S and SKS waves are rotated first into the ZRT system with the backazimuth, determined by geographic locations of the source and receiver. The ZRT-components are further rotated into the P-SV -SH system with the incidence angle determined by minimizing the amplitudes at time of S/SKS arrival on the P component. Because the incidence angles of most S to P conversions are as large as 40
• -50
• , using vertical component is not effective here although it is often used for the PRFs. The large residual S wave amplitudes projected on the vertical component would possibly mask the real conversion phases in the first several seconds, therefore, should be removed through optimal rotation. A window of S/SKS waves on the SV component is deconvolved from the P component for source equalization. After deconvolution, a quality control is carefully issued to remove the outlier traces that are obviously different from the majority of the SRF. These bad traces are thought to be caused by interference with disturbing phases. This relatively subjective approach ensures an optimal isolation of the S to P converted waves. To display the SRFs in the same way as done for the PRFs for a direct comparison, we further: (1) reversed time scales of SRF so that the converted phases appear at positive times; (2) reversed amplitudes of SRF, so that a positive amplitude in SRF indicates a positive boundary and (3) used a reference slowness of 6.4 s degree -1 for move-out correction. As a result, like PRF, positive amplitudes indicate velocity contrasts, with velocity increasing downwards. As the conversion of the phases is very weak, we perform a stacking of individual records.
It is important to note that different errors can be introduced into the SRF analysis. The long period of the S waves (dominant wave period of 6 s) may theoretically result in a maximum depth resolution of 6 km for the Moho. Lateral heterogeneities and noises may add more errors. For this reason, we are not able to pick the phase on each single trace. The stacking procedure helps us to enhance the signal-to-noise ratios by averaging the information of many single traces within a specific area. Using the IASP91 (Kennett & Engdahl 1991 ) velocity model to perform the time to depth conversion may also introduce some errors. At the end, we are able to get a roughly estimated error of 6-10 km for the Moho and 10-15 km for the LAB depths.
R E S U LT S
After obtaining the SRFs shown in Figs 2(a) and (b) for both profiles at 30
• S, the individual traces have been stacked to obtain the representative trace for every single station (Figs 2c and d) . At most of the stations, we observed positive amplitudes at times of 5-8 s, which can be conveniently interpreted as the Moho phase. The Moho becomes shallower towards the west and east and deeper beneath the Pre-Cordillera region in the north (30
• S) and the Principal Cordillera in the south (36
• S). Beneath the Moho, it is possible to recognize negative phases interpreted here as the continental and oceanic LAB and some positive amplitudes that could be representing the subducted slab along both profiles.
We compare the results from SRF with PRF for all stations as shown in the examples of Fig. 3 . At these two stations SRF stacks present clear positive phases that can be interpreted as the Moho at ∼8 s beneath NEGR and at ∼4.5 s beneath RINC. Identification of the Moho remains difficult with the PRF, as diverse multiples mask the position of the Moho phase. By comparing both methods, we can evaluate the capacity of the SRF to detect discontinuities such as the Moho and LAB and to constrain their position and depth.
Along ∼30
• S (Fig. 4a) , the Moho phase is located at 6 s (∼55 km) on the western side of the profile (LITI) and becomes more diffuse towards the east. Beneath the HURT and ELBO stations, a small positive phase can be seen at ∼20 km depth followed by a strong negative phase at 50 km depth. The same intracrustal anomalies at ∼20 km depth can be observed beneath these stations by the CCP stacked PRF from Gilbert et al. (2006) , whereas these anomalies disappear or are imperceptible by SRF towards the east. The crust presents its maximum thickness of ∼70 km (8 s) between 70
• W and 69
• W beneath the NEGR, PACH and HEDI stations. We chose to stack the PACH and HEDI stations together, as they are both located in the Pre-Cordillera and the distance between them is close enough to have very similar piercing points at the depth of the Moho. Towards the east, the crust is nearly ∼30 km thinner, coinciding with the limit between the Cuyania and Famatina terranes (e.g. Ramos et al. 2000; Acenolaza et al. 2002) and the Pre-Cordillera and the Sierras Pampeanas geological provinces on the surface. From this region, the Moho can be seen at a constant depth of ∼40 km (4.5 s) west of 68
• W beneath the RINC, LLAN and PICH stations. In general, the Moho phases can be well recognized on the eastern side of the profile but become difficult to identify to the west beneath the stations HURT and ELBO. The SRF waveforms of the Moho phase at stations PACH, HEDI, RINC and LLAN are broader compared to the sharp Moho phase beneath station PICH. PRF did not detect the Moho beneath these stations, leading to the conclusion of a lower crustal eclogitization (Gilbert et al. 2006) , which is consistent with the high shear wave velocities previously described (Wagner et al. 2005) . High velocity in the lowermost crust tends to reduce the Moho contrast and to weaken amplitudes of the converted waves. In presence of crustal multiples, the Moho signal might be overwhelmed. This seems to be confirmed by the presence of broadened waveforms in the SRFs in the same region. By using the SRF method, we have the possibility to recognize the weak and broad Moho signals without the interference of the disturbing multiples.
The negative phase interpreted here as the continental LAB can be identified beneath RINC, LLAN and PICH at depths of ∼80 km (9 s), 100 km (11 s) and 120 km (13 s), respectively. The continental LAB phase can be traced above the subducted Nazca plate on the east and literally disappears where the subduction is subhorizontal from 69
• W towards the west. From this longitude to the west the negative phases, observed at greater depths between 185 and ∼140 km (20 and 15 s, respectively), are probably related to the bottom of the oceanic lithosphere. On the western side of the Andes (beneath LITI, HURT and ELBO), the top of the oceanic crust and the Moho phases are not very well identified and could be indicating that the separation between the two phases is not big enough to permit a proper identification of the different limits. On the other hand, on the easternmost part of the profile, a weak positive phase correlates well with the top of the subducted slab beneath station PICH (175 km) and reflects that the separation between the Moho and the slab (almost ∼120 km) is key to recognize the Moho and slab phases as well as the presence, in-between, of the LAB east of 68
• W (Fig. 4a ). For the profile along 36
• S (Fig. 4b) , the Moho reaches its maximum depth of 55 km (6 s) between the stations LOIC + MAUL (displayed as a single trace) and BARD at ∼70
• W. It progressively becomes shallower towards the east where it can be traced down to a depth of 25 km (∼3 s) beneath the station PENA. West of ∼70
• W, the Moho phases are not so clear beneath the volcanic arc between LOIC + MAUL and AMER stations, but become more evident beneath station CONS at 35 km (4 s). This situation has also been described previously by Wagner et al. (2005) and Gilbert et al. (2006) who suggest the presence of partially melted mantle material as a consequence of the oceanic slab dehydration.
The negative continental LAB phases can be identified beneath the Moho from 70
• W towards the east for stations BARD, NIEB and PENA at a depth of ∼100 km (11 s). The positive phases beneath the LAB correlate well with the position of the subducted slab (Engdahl et al. 1998 ) and can be identified almost along the entire profile between 50 km on the west (CONS) and 200 km on the east (PENA). Although the oceanic LAB phases are not so clear as in the northern profile, it is possible to find some correlation between 160 and 210 km depth (17 and 24 s, respectively).
C O N C L U S I O N S A N D D I S C U S S I O N S
Significant energy from S to P converted waves at the Moho and the LAB have been observed beneath both profiles at 30
• S. The measured crustal thicknesses correlate very well with previous results in both profiles (e.g. Fromm et al. 2004; Gilbert et al. 2006) . The thickest crust can be seen beneath the Pre-and Frontal Cordilleras in the north, reaching a maximum thickness of ∼70 km. The thinnest crust can be observed along the profile at 36
• S beneath the station PENA with an estimated thickness of 25 km. At the stations near the Pacific coast, the Moho and the subducted slab are not separated enough to enable a spatial differentiation, so that both discontinuities might be combined in one single phase in SRF. In general, the crust in the southern profile is deeper by ∼10 km compared with the same longitude in the northern profile.
The SRF data complement the previous PRF study (Gilbert et al. 2006) , which failed to observe strong Moho conversions in the western part of the profiles. Gilbert et al. argued that whereas the crust thickens, part of the lower crust may transform to eclogite that has higher seismic velocities. The lower crustal eclogitization may reduce the Moho velocity contrast, causing the Moho to be less visible in the PRFs. The SRF data tend to support this idea. The deepest Moho is observed by SRFs at stations PACH + HEDI, whereas it is missing in PRFs. The waveform of the SRF Moho phase is much broader compared with those of the stations farther east, suggesting a broad crust-mantle velocity transition zone.
It is interesting to note that the positive Moho phase in the SRFs changes to negative amplitudes in both profiles at nearly the same longitude, close to the volcanic regions (stations HURT, ELBO and AMER at 71
• S-70
• S) although the number of observations is limited. We speculate that this observation, if true, may imply a hydration and serpentinization of the forearc mantle wedge. The significant amount of serpentinite in the underlying mantle wedge can dramatically reduce the elastic wave velocities in the mantle, causing a reduced or even an inverted Moho velocity contrast. Similar observations have been made in a number of regions, such as in the Cascadian (Bostock et al. 2002) and Hellenic (Li et al. 2003) subduction zones.
The abrupt Moho depth variations observed beneath the stations at the border between the Pre-Cordillera and the Sierras Pampeanas provinces along 30
• S must be related to tectonic processes, where active faulting in the Pampean flat-slab has led to important shortening in this area (e.g. Ramos 1999 ). Crustal thickness variations of ∼30 km can be observed west and east of 68
• W, correlating well with the contact between two major terranes (Cuyania and Famatina e.g. Ramos et al. 2002) and the Valle Fertil fault, which has been interpreted as a major crustal discontinuity cutting most of the crust (e.g. Ramos et al. 2002) and is represented by the cluster of crustal earthquakes (Engdahl et al. 1998) as can be seen on Fig. 4(a) .
The continental LAB phase can be identified in the east at depths of ∼110 km. It becomes shallower towards the west (∼80 km) and disappears in the north at ∼68
• W. In the south, they are observed east of 70
• W. This sudden change in the aspect of the continental LAB phases, that is, more clear phases in the south related with a more continuous reconstruction of the LAB until 70
• W, is probably reflecting the geodynamic differences between flat and normal subduction along both profiles.
The continental LAB phases can be clearly observed at those stations that are located in the easternmost areas of the profiles (i.e. east of the High Cordillera), where the LAB is not perturbed by the presence of the oceanic crust. The absence of continental asthenospheric material in the northern section (along 30
• S) correlates very well with the position of the subhorizontal oceanic slab and the presence of the volcanic gap (e.g. Isacks & Barazangi 1977) .
To conclude, we remark that due to the global seismicity pattern, the distribution of teleseismic events suitable to perform SRF and SKSRF study for South America is not optimal. Useful S and SKS events are limited compared with those for others regions, for example, North America (Li et al. 2007) . Although through stacking we have been able to improve the quality of the SRF, get reliable information on the Moho depth variation and get some signals from the lithospheric structure in those cases where the stations have very few traces (less than 8) the interpretation based on sparse data may lack robustness. Our results are in general agreement with previous investigations and provide more constraints on the structure of the crust and mantle lithosphere in the central Andes. Future seismological deployments for longer operational periods will surely help us to better understand the geodynamics of this central Andean subduction zone.
A C K N O W L E D G M E N T S
We thank George Zandt et al. at University of Arizona for the effort to collect the data set and the IRIS DMC for facilitating access to the waveform data archive. SeismicHandler software package (Stammler 1993 ) is used for receiver function processing. Most figures are plotted using Generic Mapping Tools (Wessel & Smith 1998) . Comments of two anonymous reviewers helped to improve the manuscript. This work is supported by the Deutsche Forschungsgemeinschaft. 
R E F E R E N C E S

